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Ferroelectric domain switching in c-axis-oriented epitaxial Pb(Zr0.2Ti0.8)O3 thin films was studied using
different field geometries and compared to numerical simulations and theoretical predictions. With carbon
nanotubes as electrodes, continuous nanodomains as small as 9 nm in radius in a 270 nm thick film could be
switched, remaining stable for over 20 months. Defect pinning of domain walls appears to play a key role in
stabilizing such domains, below the predicted thermodynamic size limit.
c© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4757880]
PACS numbers: 77.84.-s, 85.35.Kt, 02.60.-x, 77.80.-e, 77.80.Dj
Keywords: carbon nanotubes, electric domain walls, electric domains, ferroelectric devices, ferroelectric thin
films, lead compounds, numerical analysis, titanium compounds, zirconium compounds
Control of nanoscale domain structures with different
orientation of spontaneous electric polarization in ferro-
electric thin films allows their integration into a wide
range of applications1,2. From initial demonstrations of
small domain size and high stability3,4, through contin-
ued enhancement of domain density5,6, the local, high-
intensity fields generated by metallic atomic force mi-
croscopy (AFM) tips were a key element. An important
advance has been the functionalization of such tips with
carbon nanotubes (CNTs), whose excellent metallic-state
electrical conductivity, high strength, and small size have
made them particularly interesting for polarization con-
trol. CNT bundles attached to AFM tips demonstrated
domain switching in intermittent contact7, while subse-
quent use of CNT-AFM tips rigidified with SiO2
8 allowed
full contact scanning, and both writing and imaging of
domains as small as 2 nm in radius by piezoresponse force
microscopy (PFM)9.
From a fundamental perspective, understanding fer-
roelectric switching dynamics is intimately linked to the
question of the smallest stable domain size. For a full de-
scription, many parameters, including electric field, film
thickness, electrostatic/strain boundary conditions, and
of course the presence of defects, need to be considered,
both during and after switching. With efficient screen-
ing, nanoscale written domains can be thermodynami-
cally stable. As domain size decreases, however, the effec-
tive force (line tension) of a high-curvature domain wall
can promote collapse, especially in the presence of addi-
tional thermal activation10. On the other hand, pinning
of the domain wall on defects can provide a stabilizing
mechanism5. Understanding these effects is thus of clear
applied, as well as fundamental interest. However, it is
not trivial to explicitly include disorder in the mean-field
models of domain walls in thermodynamic equilibrium.
Experimental investigations of the switching and growth
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of domains in the limit of critical size, especially consid-
ering different electric field geometries and the long-term
evolution of the domain structures, are therefore partic-
ularly useful.
Here, we report on such a study, using PFM to probe
domain switching in three different electrode configura-
tions, using the AFM tip, edges of macroscopic planar
electrodes, and CNT on the ferroelectric surface as elec-
tric field sources, allowing us to separately consider the
effects of the separation between two straight domain
walls, and the radius of curvature on domain stability. In
270 nm thick films we demonstrate domain sizes down to
9 nm half-width with CNT and 14.5 nm radius with the
AFM tip, two times smaller than the minimum domain
size predicted from thermodynamic models11,12. The ob-
served domains remained stable over 20 months.
We used a 270 nm thick epitaxial ferroelectric
Pb(Zr0.2Ti0.8)O3 (PZT) thin film grown by off-axis radio
frequency magnetron sputtering on 35 nm thick conduct-
ing SrRuO3 on (001) single crystal SrTiO3, as shown
schematically in Fig. 1(a), with high crystalline and
surface quality13. The polarization axis is perpendicu-
lar to the film plane, with the film monodomain (up-
polarized) as-grown. Ti(5 nm)/Au(50 nm) electrodes
were deposited with standard photolithographic pattern-
ing and e-beam evaporation, and single-walled CNT
subsequently dispersed on the ferroelectric surface from
aqueous suspension14, at a density of 0.05 CNT/µm2.
CNTs electrically contacting the electrodes were lo-
cated by tapping mode topographic scans. As shown
in Fig. 1(b), the devices can be used to study domain
growth under such CNT, from the edge of the electrodes
themselves, and under an AFM tip set down on the sam-
ple surface. To switch the polarization, voltage pulses
were applied to the electrodes/CNT/AFM tip with the
SrRuO3 layer grounded, and the resulting domains im-
aged by PFM15.
The single-walled CNTs used were both metallic and
semiconducting in the standard 1:2 ratio. Since on fer-
roelectric perovskite surfaces non-metallic CNTs act as
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2FIG. 1. (a) Schematic side view of the device. (b) Central
part of the device (1000x optical magnification), with the top
electrodes and location markers. PFM phase images of fer-
roelectric domains generated by a CNT (c), an AFM tip (d)
and the edge of an electrode (e).
p-type semiconductors16, all the CNT investigated could
switch the intrinsic PUP polarization to PDOWN under a
positive bias, and no difference in domain size was de-
tected between the two CNT types. However, since a
negative bias is necessary to reverse the PDOWN polar-
ization, only metallic CNT could be used for multiple
polarization reversals such as that shown in Fig. 1(c).
Moreover, as can be seen from the relative sizes of the
PDOWN vs. PUP domains, both written with 1000 s
pulses of +10 V and -10 V, respectively, domains writ-
ten with positive bias appear to switch more easily. This
asymmetric switching behavior, observed in our previous
measurements10 and reported by other studies17, can be
attributed to the asymmetric nature of the device itself,
with different electrode work functions and geometries.
For the quantitative studies, we therefore focused specif-
ically on PDOWN domains switched with positive applied
bias. We note here that the PFM measurements were
destructive for the CNT: the devices were therefore only
imaged at the end of the writing process. However, for
the domains written around the edges of the top elec-
trodes, multiple PFM scans could be acquired, allowing
progressive growth of domains with increasingly longer
duration voltage pulses to be measured, as shown in the
composite PFM image of Fig. 1(e). For the studies of ra-
dial domain growth, arrays of nanoscale circular domains
were written by applying different duration voltage pulses
to the AFM tip, as shown in Fig. 1(d).
To compare domain growth under the three different
electrode geometries, we considered the radius and half-
width, respectively, of the AFM-tip and CNT-written do-
mains, growing symmetrically from the local electric field
source, and the full width for the domains at electrode
edges, since these grow uniformly around the entire elec-
trode perimeter18. As shown in Fig. 2(a) for domains
written with 10 V, 10 µs–1000 s pulses applied to the
CNT, 10 V, 150 µs–625 s pulses applied to the AFM tip,
and 10 V, 0.2 s–625 s pulses applied to the top electrodes,
FIG. 2. (a) Domain size as a function of writing time with
+10 V bias. Error bars for AFM-tip and electrode-edge-
written domains are the standard deviation of their dataset
and may be smaller than the corresponding marker. Results
for CNT-written domains are presented individually due to
lower statistics. (b) Simulated vertical electric field as a func-
tion of distance along the surface from the field source for
a 270 nm PZT thin film, with (dashed curves) and with-
out (solid curves) a water meniscus, with inset on the short-
distance region. The dotted curve is calculated following Ref.
12 for a generic AFM tip with an effective charge-surface sep-
aration of 10 nm.
in all cases a logarithmic dependence of domain size on
the writing time is observed, in agreement with our previ-
ous results5,16. An advantage of the present study is the
use of undamaged epitaxial PZT, undeteriorated by di-
rect growth of CNT16, allowing very short writing times
to be explored. We find stable CNT-written domains for
writing times down to 10 µs, but no evidence of switching
for 3 µs, 10 V pulses. We note that these smallest do-
mains are discontinuous, whereas domains written with
pulses longer than 0.01 s are all fully continuous. With
the AFM tip as field source, domains could be switched
with pulses down to 150 µs, and using the electrode edge,
down to 0.2 s. For longer writing times, we find that the
widest domains grow outwards from the straight edges of
the Ti/Au top electrodes, with slightly smaller domain
radii obtained via AFM-writing, and still smaller do-
mains under an overlying CNT. However, whereas AFM
tip writing produces a relatively small spread of domain
sizes for a given writing time, the size of domains written
via electrode edges and CNT varies much more signifi-
cantly.
To better understand the observed results, we consid-
ered the vertical component of the electric field (along the
polarization axis of the film) generated by the 10 V bias
applied in each electrode configuration, numerically mod-
eled using COMSOL Multiphysics19. Since all the polar-
ization switching was carried out under ambient condi-
tions in ∼45% relative humidity, we considered this ver-
tical electric field as a function of the horizontal distance
3FIG. 3. (a) PFM phase image after a +10 V, 10 µs pulse, with
the switched domain following the shape of the electrically
connected CNT. Zoom on the thinnest continuous domain in
(b) PFM phase and (c) PFM amplitude. (d) PFM phase
and amplitude signals across the outlined area in (b)/(c). (e)
Comparison of our data with previously reported domain sizes
and models.
along the film surface away from the field source, both
with and without the effect of a water meniscus, shown by
the dashed and solid lines in Fig. 2(b), respectively. In its
immediate vicinity, the CNT generates the most intense
vertical electric field, but this drops off very rapidly with
horizontal distance, at 10 nm becoming less intense than
either the field of the AFM tip or the electrode edge,
as shown in the inset of Fig. 2(b). This high intensity
and very rapid decrease agree well with the experimental
observation that only using CNT could ferroelectric do-
mains be switched with very short pulses down to 10 µs,
but that attempts to write large domains with long pulses
are inefficient compared to the other geometries. For the
fields generated by the AFM tip and the electrode edges,
our model suggests very similar fields at several hundreds
of nanometers, and a higher AFM tip field close to the
origin. This is in good qualitative agreement with the
data, where we observe successful switching with much
shorter pulses on the AFM tip than the electrode edge
and similar domain sizes for pulse lengths between 1 s and
625 s, although those written with the electrode edge are
slightly larger.
Since the key technological interest is minimizing the
size of ferroelectric domains in a given device, we inves-
tigated in greater detail the behavior of CNT-written
domains with the shortest writing times. Using 10 V,
10 µs voltage pulses, the smallest stable domains had
half widths at half maximum as small as 9–13 nm, as
shown in Fig. 3(a), less than 4% of the film thickness.
Such small domains, given the convolution of the finite
size of the tip (nominal radius of 50 nm, increasing on
FIG. 4. (a-d) PFM phase images of a CNT-written ferroelec-
tric nanodomain generated by a +10 V, 100 µs pulse, after a
time between 1 and 600 days after switching. (e-h) Simulta-
neously recorded topographic images of the same areas, with
the outline of the ferroelectric nanodomain. (i) Length and
width of the nanodomain as a function of time after topo-
graphic drift correction. The dashed lines are the respective
averages.
contact scanning) with the PFM signal, show a reduced
amplitude signal compared to the bulk of the film. How-
ever, since we observe two PFM amplitude minima at the
position of the domain walls, as shown in Figs. 3(b,c,d),
we believe that these domains extend fully through the
film. As described above, we observed no switching with
shorter 10 V pulses. Increasing the voltage to 20 V did
allow switching with 3 µs writing times, but the result-
ing domains were comparable to those obtained with the
10 V, 10 µs pulses, suggesting that a minimal domain
radius of ∼10 nm can be written in the 270 nm film with
overlying CNT.
Focusing on the smallest domains, we followed their
evolution after the initial switching pulse. As shown in
Fig. 4 there is no significant size change even after more
than 600 days. To take into account the effect of drift in
AFM measurements, we rescaled the PFM phase images
based on simultaneously recorded topographies, using the
three local minima highlighted with a cross on Fig. 4(e).
Of 37 domains considered, only 3 showed full backswitch-
ing, and 1 decreased in size over a few days, while the rest
remained stable for the full observation period. Interest-
ingly, for those domains showing backswitching, this ap-
parently originated from the highly curved domain edges,
decreasing the length of the domain, but not its width.
These results suggest that in spite of their small size, the
vast majority of the ∼10 nm radius domains we observe
are indeed fully stabilized.
To compare our results with theoretical predictions of
minimum domain size, we considered models describ-
ing domain switching under the highly localized elec-
tric field of an AFM tip, all of which focus on opti-
mizing the energy balance between the nucleation and
4growth of a new volume of polarization parallel to the
applied electric field, domain wall energy costs, depo-
larizing field at charged domain walls, as well as possi-
ble screening effects, either from surface adsorbates or
free charges present in the film itself. From the ear-
liest work20, adapting theories of switching in uniform
fields21, it was clear that a minimum switching voltage,
depending on both tip (size, contact) and ferroelectric
material parameters (film thickness, dielectric properties,
screening) was necessary to nucleate a stable domain, re-
maining once the field was removed. In bulk materials
and thicker films, such domains are prolate and do not
necessarily penetrate through the sample, leading to de-
polarizing fields and broadened charged domain walls,
while in thin films, rapid forward (vertical) growth of the
domain across the sample is followed by slower lateral
growth, giving a cylindrical domain shape (see Ref. 12
and references therein for a detailed discussion). In the
most complete thermodynamic models, using data from
domain growth studies to extract the necessary mate-
rial parameters like activation field, Debye screening ra-
dius and domain wall energy, minimal domain radii of
17.5 nm with critical voltage Ucr = 7.1 V for a 97 nm
thick PZT film, and 19.3 nm domain radius with Ucr =
10.6 V for a 270 nm thick film like ours are expected
(Fig. 3(e))11,12. In contrast, the model used by Tayebi
et al.9, based on domain stability considerations22, as-
sumes a spherical domain shape, deemed “unrealistic”
by Wang and Woo themselves, and a minimum size for
the electrode necessary to stabilize a domain through the
film thickness which would be orders of magnitude larger
than our observations (where a 10 V bias applied to a
CNT of 2 nm or less clearly allows stable domains to be
generated through the 270 nm thick film).
The thermodynamic model of Morozovska et al. is in
excellent agreement with the experimental observations
of critical switching voltage. However, even this model
overestimates the minimum domain size by more than a
factor of 2. The key difference is, we believe, the presence
of defects, inherent in any real material, which can act
as pinning and nucleation sites and stabilize domains be-
low the limit expected from purely thermodynamic con-
siderations in a perfect film. Furthermore, recent stud-
ies have shown that the intense, highly localized electric
field of an AFM tip (or CNT) can lead to strong electro-
chemical reactions at the ferroelectric surface, in partic-
ular in ambient conditions, further modifying the defect
landscape via surface charging, (re)ordering of oxygen
vacancies, as well as more permanent damage at high
voltages23. In CNT overlying a ferroelectric surface, we
had previously demonstrated strong, but ultimately re-
versible charging effects, whose relaxation could be fol-
lowed via the CNT transconductance16. However, since
the films are monodomain as-grown, we cannot quan-
tify the relative importance of existing defects vs. the
effects of those introduced during the domain writing
process. In-situ switching studies in PZT have clearly
demonstrated the pinning and slowing of domain walls
by defects such as dislocations24. In addition, during the
initial stages of switching, the walls of the smallest do-
mains incline, which has been linked with their increased
conductivity25, compared to the relatively straight walls
of larger domains26. Microscopically, such charged walls
would interact even more strongly with defects such as
oxygen vacancies.
In the present study, the discontinuous nucleation of
small domains under the CNT and at the electrode edges
demonstrates the range of nucleation bias across the film
surface, and can be related to the presence of defects27.
While with an AFM tip, a single domain nucleates in
the region of maximum electric field intensity, with both
CNT and electrode edges, the high-field region extends
linearly over larger portions of the film, allowing nucle-
ation to occur at multiple sites and leading to greater
variation in the final width of the resulting domains. Al-
though the smallest domains show a tendency to collapse
inwards from high-curvature domain walls, this can be
clearly counteracted, and domains as small as 9 nm in
radius readily stabilized in the relatively thick film for
over 20 months. Finally, domains written with all three
electrode configurations clearly show roughening, char-
acteristic of the competition between domain wall elas-
ticity and pinning28. These results suggest that a more
detailed model taking into account domain wall pinning
during switching, as well as experimental studies explor-
ing the control of domain stability as a function of defect
density and type would be extremely useful in the quest
for ever smaller ferroelectric domains.
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